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The number of individuals alive in a population at a given time (N,) is a fundamental parameter of many ecological studies. Methods of estimating size of animal populations are well documented and thorough reviews can be found in Caughley (1977) , Seber (1982 Seber ( , 1986 , and Krebs (1989) . However, unbiased and precise estimates of (N,) using conventional sampling methods may be difficult to obtain for some species (e.g., Burnham et al. 1980 , Reynolds et al. 1980 , White et al. 1982 because sampling assumptions are difficult to meet and estimators are not robust to violations of assumptions. Specifically, species that use large areas, occur in low densities, or are difficult to observe (e.g., large predators, nocturnal or secretive species) cannot be sampled adequately without tremendous field effort.
Ironically, it is the large or rare predators that may be promoted as "umbrella" (Peterson 1988 ), "keystone" (Norton 1988) , or "indicator" (Salwasser et al. 1982 , Salwasser 1988 ) species in an effort to preserve biodiversity. For example, in the Pacific Northwest, maintenance of Northern Spotted Owl (Strix occidentalis caurina) populations is promoted as a way to conserve old-growth coniferous forests (Thomas et al. 1988) . Proposed plans to maintain viable owl populations consist of a network of suitable habitat areas (United States Forest Service 1988) . The size and structure of those areas needed to maintain owl occupancy are becoming well documented (Solis 1983 , Forsman et al. 1984 , Ganey and Balda 1988 , LaHaye 1988 , Laymon 1988 , Bias 1989 , Carey et al. 1990 , Sisco 1990 ). However, the arrangement and number of habitat areas needed to maintain viable populations of the owl are poorly understood (Dawson et al. 1987) . A logical starting point for understanding viability of Spotted Owl populations would be to model the existing population, which would require an ability to estimate and monitor N. Any reasonable comparison of N, over time or between habitats would also require a measure of the sampling variance associated with Nt.
Spotted Owls are territorial, nocturnal predators that primarily live in old-growth conifer forests of the Pacific Northwest (Solis 1983 , Forsman et al. 1984 . Because these owls are territorial and use large (400-1800 ha) tracts of habitat, populations attain relatively low densities (Forsman et al. 1984 , Franklin et al. 1990 ). The owl's nocturnal habit and low density, coupled with steep, rugged terrain prohibit use of line transect (Burmham et al. 1980) , or variable plot (Reynolds et al. 1980 ) methods for estimating their abundance. However, during March through August both members of an owl pair actively defend a breeding territory using vocal advertisements (Forsman et al. 1984) . Young depend on their parents until dispersal and do not defend a territory before dispersing in the fall (Gutierrez et al. 1985) . After their juvenile molt, subadult owls (1-2 yr old) can be recognized by plumage characters, and these birds may obtain and defend a territory. Thus, territorial, adult, and subadult Spotted Owls can be located consistently by imitating their calls and eliciting a vocal response during the breeding period (Forsman 1983) .
We infer from banding studies that Spotted Owls are long lived and have high (0.96) annual adult survivorship (A. B. Franklin et al., unpublished data) . Mortality in territorial adults occurs primarily in the nonbreeding period (A. B. Franklin et al., personal observation). We occasionally encounter unbanded birds during nighttime calling surveys that we cannot relo-cate during the day. Since these owls are usually within the territory of a marked pair, we believe that these birds are nonterritorial members ofthe population. We know little about the demography and ecology of nonterritorial birds. We also do not know about the nighttime response rate of nonterritorial birds. However, the number of banded birds detected while spot-lighting owls at night or observing owls at day roosts indicates that nonterritorial birds (both adult and subadults) do not call frequently, often have unstable home ranges, and are not consistently observable throughout a short time period. Thus, our observations of banded birds indicate that we are locating territorial birds almost exclusively and that there is little immigration or emigration, and few births (e.g., juvenile owls are not located by calls) or deaths in the study population during the census period. These conditions allow us to meet some ofthe basic biological assumptions of catcheffort methods (Seber 1982 :296, Krebs 1989 .
In this paper, we use a Leslie regression model (LRM; Leslie and Davis 1939) to estimate abundance and the variance of abundance of Spotted Owls from direct counts. We also compare LRM estimates based on nighttime counts of owls with estimates based on daytime counts, and evaluate the utility of this method by comparing LRM estimates with two maximum likelihood estimates (Zippin 1956 , Jolly 1965 , Seber 1965 , White et al. 1982 . This method may be applicable for estimating abundance of other species that behave similarly to the Spotted Owl.
METHODS

Study area
Adult and subadult Northern Spotted Owls were counted in a 292.4 km2 study area near Willow Creek, California, USA. Vegetation within this study area was classified as either mixed evergreen forest or Klamath montane forest (Kiichler 1977) , and has been described in detail elsewhere (Solis 1983 , Franklin et al. 1990 . Approximately 43% of the study area was considered suitable Spotted Owl habitat (Franklin et al. 1990) .
Terrain was steep and rugged; elevations and slopes ranged from 150 to 1700 m and from 18? to 550, respectively. Study area boundaries were drawn along prominent topographical features to minimize overlap of owl territories between the study area and adjacent habitat (Franklin et al. 1990 ).
Owl surveys Owls were located and counted using vocal imitations of the species' calls during surveys at night (1/2 h prior to dusk to 1/2 h prior to dawn) and during the day, April through August, 1985 to 1987 (Forsman 1983 , Franklin et al. 1990 ). Night surveys were conducted at call stations established along roads and, generally, were used to locate and count owls. Day surveys consisted of more extensive searches and, specifically, were used to locate and count owls by visual observation at roosts.
For each year, the time (in minutes) devoted by each observer to calling for, searching for, and locating owls was recorded separately for nighttime and daytime surveys and, hereafter, will be referred to as survey effort. Survey effort did not include travel time between call stations or survey routes, nor any additional field effort.
Surveys were conducted within geographic subunits of the study area. Subunits were delineated by observers using topographic and habitat features, and represented potential owl territories. These territories were used to assign survey effort to the number of owls counted. Once a pair of owls was located in a territory, additional owl responses and additional survey effort within the territory were ignored. If only a single bird was detected in a territory, additional effort was devoted to locating a potential mate until a mate was counted or the annual census ended. If an area contained more than one pair, the number of territories and survey effort within each area were adjusted accordingly. Thus, we used the association of an owl with a given territory to infer owl identity and the amount of time necessary to locate an individual without knowledge of banding records. Concurrently, we attempted to capture and mark all individuals with colored leg bands to confirm identity and evaluate this assumption (Franklin et al. 1990 ). Effort required for marking was also recorded.
Leslie regression model (LRAM) development
Call surveys provided a direct count without a measure of precision. An LRM (Leslie and Davis 1939) was used to estimate the number of adults and subadults alive at the beginning of each breeding season (NO), and a 95% confidence interval for No.
The LRM is a closed-population model and works on the tenet that the number of individuals removed by sampling from a given area will decline over time (Leslie and Davis 1939 , Seber 1982 :296, Krebs 1989 . Thus, a regression line of the form
can be fit to the number of individuals captured per unit of effort (Y1), and the cumulative number of individuals captured prior to each survey interval i (Xi), using a least squares analysis (Zar 1984:263-265) . Following the notation of Seber (1982:296) , and using the slope of the regression line (b) as an estimate of the coefficient of catchability (K), No can be calculated as
The intercept of the x axis by the regression line also provides a point estimate of No (Seber 1982:298) . The variance of No, or V[NO] , can be estimated as follows:
where 12 is the mean square error from the least squares analysis and s is the regression sample size (Seber 1982: 298) . A 95% confidence interval can be estimated from V[NO] using the delta method when s is large (> 10),
or by using the procedure described by Seber (1982: 299) when s is small. To use the LRM, we considered our vocal imitations as "bait" to entice owls to respond. Owls that were detected, either by sight or sound, were considered "captured." We calculated catch per unit effort, Yi, as the number of owls detected (n,) divided by the associated number of hours of survey effort (f), in each of s sampling periods. The latter were created by systematically grouping survey results from a given year with an arbitrary window of time, m hours long (Fig. 1) . Grouping of data was necessary because the amount of effort devoted and the number of owl territories sampled during any given survey were small relative to total survey effort (Fi) and the total number of owl territories sampled each year, respectively. Without grouping the data over time, too few owl territories would have been sampled and the numbers of owls detected during each sampling period would not have declined through time, a requisite for using the LRM.
For example, grouping the cumulative number of owls detected for every m = 23 h of effort devoted during daytime surveys in 1985 gives Y1 = 0.708 owls detected per hour and X1 would equal 0 owls detected previous to sampling period I (Appendix). Because the arbitrary selection of m might have influenced LRM results, X and Y values for all surveys were calculated by varying m from 2 to (F1/1 1) h, incremented every 1 h. The latter terminus was used to ensure that confidence intervals were calculated using s > 10 (Seber 1982 :12, Krebs 1989 .
The data set that best adhered to model assumptions was selected for estimating No, for each survey type, for each year. There are three assumptions of the Leslie method: the population is geographically and demographically closed; the probability of an individual being captured (i.e., detected; Pi) is constant throughout the experiment; and detection probabilities are equal among individuals in the population (Krebs 1989) . Detection probabilities can be considered constant and equal if sampling is a Poisson process with respect to effort (Seber 1982:296) . The generalized removal method (White et al. 1982 :109) also can be used to evaluate constancy and equality of pi. There are no simple tests for population closure (White et al. 1982: 162) . However, if all assumptions are valid the data will fit a straight line and the variance about the regression line will be constant (Krebs 1989:162-164) . Thus, data that (1) provided ni most likely distributed as a Poisson, (2) resulted in a regression slope least likely to equal 0, and (3) provided the lowest variance of observed values about the regression were used as input into the LRM. The above criteria were quantified and evaluated using a chi-square goodness-of-fit test, a Student's t test, and the standard error of the regression divided by Y, respectively. Statistical tests were deemed significant at the 5% level (a = .05). A BASIC computer program was developed to keep this procedure standardized among data sets and users.
LRM estimates of No were compared to (1) the minimum number of individuals known to be alive (Nm) based on marking results (Franklin et al. 1990 ), (2) maximum likelihood estimates calculated using the generalized removal model (Mbh) of program CAP-TURE (Zippin 1956 , Otis et al. 1978 , White et al. 1982 , and (3) Jolly-Seber, model D estimates from program JOLLY (Jolly 1965 , Seber 1965 ,1982 , Franklin et al. 1990 ).
The n, tallied from daytime surveys represented owls found at a roost. Because daytime roosts of individual owls were spatially distinct from roosts in adjacent owl territories, roosting owls could be counted and effectively "removed" from the population. Hence, the n, from the daytime data that best fit model assumptions were treated as removal data and input into the CAP-TURE Mbh model. Jolly-Seber estimates were independently calculated from mark-recapture results (Franklin et al. 1990 ).
Coefficients of variation for No were calculated as: 
RESULTS
Annual direct counts of adult and subadult Spotted Owls varied only slightly during 1985 to 1987, even though night and day survey effort fluctuated through time (Table 1) . On average 91% of the owls counted within the study area each year were banded after detection.
Tests of assumptions
Probabilities for the Poisson goodness-of-fit tests from the three best fitting data sets generated by night surveys were, P < .25, .001, and .001 during 1985 through 1987, respectively, and P < .001, .10, and .001 for day surveys. All regression line slopes were significantly >0 (1987 night LRM, P < .05; all other LRMs, P < .00 1; Fig. 2 ). Standard errors of all regressions ranged from 29 to 68% of the mean Yvalue from each survey type. Thus, the assumption of constant detection probability was violated for 4 of the 6 best fitting regressions. All other assumptions appeared valid for selected regression models. Additionally, the general removal method of program CAPTURE tested for and selected an estimator of No assuming equal detection probabilities for day survey data collected in 1985 and 1986. Nine different detection probabilities were assumed in estimating No from diurnal counts tallied in 1987.
Population estimates
Estimates of the number of territorial adult and subadult Spotted Owls in the study area varied with the method of estimation (Fig. 3) . Confidence limits calculated using the procedure for small sample sizes (i.e., a quadratic formula; Seber 1982:299) were asymmetrical, and upper limits were consistently greater than confidence limits calculated using the delta method (e.g., confidence intervals for 1985 night and day surveys were 71-692 and 51-71, respectively). The delta method was used to evaluate differences among estimators because (1) the upper limit calculated for 1985 night-based estimates using the quadratic formula appeared biologically unrealistic, (2) all samples were > 10 (Seber 1982 :12, Krebs 1989 , and (3) No appeared to be normally distributed (Seber 1982:12) .
LRM estimates of No based on night surveys differed significantly (P < .05) from LRM estimates based on day surveys in 1986, and from maximum likelihood estimates in 1986 and 1987 (Fig. 3) . During the 1st yr of sampling, night surveys resulted in an overestimate of Nm by as much as 71%, whereas night surveys in subsequent years underestimated Nm (Table 2) . Annual LRM estimates based on night surveys appeared to fluctuate proportionally with annual survey effort.
In contrast, LRM estimates based on day surveys were generally consistent, with the exception of the 1 st yr when Nm was underestimated by 11% (Table 2) . LRM estimates of No based on day surveys were equal to or less than maximum-likelihood estimates on 3 of 6 occasions. All but the 1985 night-based estimates were precise (cv[NO] < 10%; Table 2 ). LRM estimates based on day surveys were less precise than the JollySeber estimates but more precise than the LRM estimates based on night surveys during all years, and more precise than the general removal model of program CAPTURE during 1985 and 1986. LRM estimates cost 30-64% less than mark-recapture estimates, considering the additional time required to mark and capture the birds (Table 1) . More time was devoted to mark-recapture activities in 1986 and 1987 to mark trap-shy owls with color bands. Resighting owls, rather than physically recapturing owls, would require less effort in subsequent years but at least 30% more effort than only counting owls, because the effort and methods-used to lure owls close enough to identify color bands are similar to those used for capturing previously unmarked birds, as was the case in 1985 (Table 1) . Most important, however, is the fact that LRM estimates can be generated with 1 yr of survey effort rather than a minimum of 3 yr of data required for Jolly-Seber estimates of population size.
DIsCUssIoN
Despite meeting many of the tested assumptions, the Leslie regression model was a poor estimator of No Ecological Applications when night surveys were used. The LRM will work only if the number of individuals captured declines over time (Krebs 1989) . A plot of cumulative number of individual owls detected at night as a function of cumulative hours expended during night surveys was linear for each year, indicating that the "catch" did not decline. The same plot for day surveys was curvilinear, showing fewer owl detections over time.
Capture rates will not decline if population closure is violated or a large enough portion of the studied population is not sampled (Zippin 1956 , White et al. 1982 . With few exceptions, Spotted Owls were site faithful during the census period (A. B. Franklin et al., personal observation). Also, home range size for individuals during this period ranged from 0.6 to 2.3% of the study area (Solis 1983) , indicating that few home ranges would be intersected by study area boundaries (e.g., see White et al. 1982:122) . Furthermore, study area boundaries were established to minimize movements by owls across them (Franklin et al. 1990 ). Thus, immigration and emigration were considered negligible. By definition, No was not affected by births, and mortality during the census period was assumed to be close to zero based on radio telemetry (Solis 1983) and banding data (A. B. Franklin et al., unpublished data) . However, immigration could be "mimicked," and hence closure violated, when individuals are counted more than once. This source of error was more likely at night when owls were mobile (i.e., hunting or moving toward an observer who was calling), making it difficult for observers to infer owl identity.
Moreover, the number of owls counted during all day surveys was >80% of No. Also, considering home range size for paired owls (X = 676.8 ha), the proportion of home range overlap between neighboring owls (X = 0.39) and the total amount of habitat potentially used by Spotted Owls within the study area (12 626 ha; Solis 1983 , Franklin et al. 1990 ), we would expect roughly ({12626/[(1 -0.39) x 676.8]} x 2) or 62 adult and subadult owls in the study population. Therefore, the portion of the population sampled appeared adequate. This led us to conclude that the overestimate produced by night surveys during 1985, and subsequent fluctuations of No in 1986 and 1987 were likely caused by overcounting.
Regression estimators are notorious for underestimating No (Van Etten et al. 1965 , Lewis and Farrar 1968 , White et al. 1982 , Schnute 1983 and, under the assumption of constant capture probability, are inferior to maximum likelihood estimators (White et al. 1982:115) . In addition, estimation of V[NO] using Eq. 3 may not be valid because regression techniques assume independence and equality of error terms (White et al. 1982:116) . However, our LRM estimates are comparable to maximum likelihood estimators and, therefore, appear robust when day surveys are used to estimate No and V[NO] . Counts of Spotted Owls during the day provide adequate estimates of No when input into the LRM because, all other considerations equal, it is unlikely that individuals are miscounted when visually observed at daytime roosts.
Relative differences were calculated using a total count (Nm) as a reference value. Because direct counts invariably result in an underestimate of the true population size (Caughley 1977) , our estimates of difference likely represented minimum differences between No and No. However, evaluation of the relative performance among models was valid because the same value was referenced in all calculations. Total counts probably represented 90-95% of the territorial population. This judgment was based on the amount of suitable habitat present and the number of repeated visits to territories where owls were not detected after the first visit each year (maximum = 21 visits).
Observer characteristics could affect counts of birds (Verner 1985) . Surveys in 1985 and 1986 were conducted by the same two observers, with 2 and 4 yr of experience in calling and locating owls at the beginning of the 1985 census. All observations were verified by both observers. Despite this level of observer experience, the LRM overestimated Nm using night counts and underestimated Nm using day counts, indicating that at least two census periods may be necessary for reliable estimates. In 1987, one of the original observers was replaced with less experienced observers. However, prior training of new observers coupled with residual expertise of the remaining original observer, prevented any noticeable loss of information.
Our results suggest that the LRM can be used to estimate the number of territorial adult and subadult Spotted Owls present at the beginning of their breeding season, and to estimate a measure of precision. Given the same study design, No can be converted to crude or ecological density (Franklin et al. 1990 ). Although nocturnal counts should not be used for estimating No with the LRM, night surveys are useful for assessing the general vicinity of owl roost sites. Once owls are visually observed at roosts, they can be counted with little duplication; nests can be located and reproductive parameters sampled with little extra effort (Forsman 1983 , Franklin et al. 1990 ). Thus, day surveys, in combination with the LRM, would provide more information for land management decisions than night surveys alone.
We recognize that the use of the LRM with direct count data is not a substitute for mark-recapture experiments, as the latter provide information on survivorship, recruitment, and dispersal in addition to estimates of N,. However, the LRM will provide a less expensive, simpler alternative for estimating and monitoring abundance of territorial Spotted Owls and other species that behave similarly. Additional testing of this method is recommended, particularly to assess effects of observer experience, geographic variation, and species variation on model estimates.
